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Although it is known that the inflammatory response that results from disruption of epithelial barrier function
after injury results in excessive scarring, the upstream signals remain unknown. It has also been observed that
epithelial disruption results in reduced hydration status and that the use of occlusive dressings that prevent water
loss from wounds decreases scar formation. We hypothesized that hydration status changes sodium homeostasis
and induces sodium flux in keratinocytes, which result in activation of pathways responsible for keratinocyte–
fibroblast signaling and ultimately lead to activation of fibroblasts. Here, we demonstrate that perturbations in
epithelial barrier function lead to increased sodium flux in keratinocytes. We identified that sodium flux in
keratinocytes is mediated by epithelial sodium channels (ENaCs) and causes increased secretion of proin-
flammatory cytokines, which activate fibroblast via the cyclooxygenase 2 (COX-2)/prostaglandin E2 (PGE2) pathway.
Similar changes in signal transduction and sodium flux occur by increased sodium concentration, which
simulates reduced hydration, in the media in epithelial cultures or human ex vivo skin cultures. Blockade of
ENaC, prostaglandin synthesis, or PGE2 receptors all reduce markers of fibroblast activation and collagen
synthesis. In addition, employing a validated in vivo excessive scar model in the rabbit ear, we demonstrate that
utilization of either an ENaC blocker or a COX-2 inhibitor results in a marked reduction in scarring. Other
experiments demonstrate that the activation of COX-2 in response to increased sodium flux is mediated through
the PIK3/Akt pathway. Our results indicate that ENaC responds to small changes in sodium concentration with
inflammatory mediators and suggest that the ENaC pathway is a potential target for a strategy to prevent fibrosis.
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INTRODUCTION
The repair of injured skin tissue is a fundamental biological
process essential to the continuity of life but with potential
for dysregulation and overcompensation. Derangements in
healing can lead to excessive (hypertrophic) scar formation,
for which there are limited therapeutic options (Mustoe, 2004;
Miller and Nanchahal, 2005; Kose and Waseem, 2008; Rhett
et al., 2008). Injury to the epidermis results in loss of epithelial
barrier function, which is not restored until the lipid barrier
(stratum corneum) becomes fully competent. Of relevance to
scarring, it has been demonstrated that scars have a perturbed
barrier function as compared with unwounded skin for up to 1
year post injury (Suetake et al., 1996).
There is an extensive body of literature implicating the
importance of the epidermal barrier function in cutaneous
homeostasis (Elias, 2005; Mustoe, 2008). Specifically,
epithelial dehydration results in compensatory changes in
the injured skin including upregulation of inflammatory
cytokines and activation of fibroblasts, which are implicated
in hypertrophic scarring. Furthermore, it is notable that many
skin disorders such as atopic dermatitis, ichthyosis, and
psoriasis have an impaired barrier function, and various
emollients and moisturizers improve their symptoms and
reduce dermal inflammation by improving barrier function
(Loden, 2003).
It has long been observed that mucosal wounds in which
healing occurs in a liquid environment heal with minimal
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scarring and exhibit early return to baseline of expression
of inflammatory cytokines compared with skin wounds
(Szpaderska et al., 2003; Mak et al., 2009). These obser-
vations highlight the importance of epithelial hydration in
wound healing. Key clinical studies by our group and others
have demonstrated the benefits of silicone gels on reducing
scarring (Ahn et al., 1989, 1991; Mustoe et al., 2002) and have
established the mechanism firmly to be due to the restoration
of the water barrier with resulting reduction in inflammatory
cytokine expression (Saulis et al., 2002; Sogabe et al., 2002;
De Jongh et al., 2006; O’Shaughnessy et al., 2009). However,
how the epidermis senses changes in water barrier function is
unknown. We hypothesized that the reduced hydration status
raises extracellular sodium concentration, which results in
increased sodium flux, initiating a signal transduction pathway
producing secreted inflammatory mediators. Our studies
focused on the principal epithelial sodium channel in the
skin (ENaC), that belongs to the large family of ion channels
which have critical roles in many biologic processes from
microbes to mammals.
Recent studies suggest that reduced hydration upon disrup-
tion of stratum corneum can cause an ion flux of epithelial
cells. Several studies have suggested that the reduction in
hydration caused by skin barrier disruption leads to greater
changes in local ion concentrations (Lee et al., 1992). As the
most abundant cation in skin extracellular matrix, sodium is
believed to be involved in keratinocyte differentiation (Brouard
et al., 1999; Mauro et al., 2002) and normal epidermal growth
(Mobasheri et al., 2005), although the mediating pathways have
not been described. Throughout the body, sodium homeostasis
is highly regulated through a combination of specialized sodium
channels and aquaporins, which indirectly regulate sodium
concentration by water transport. The principal sodium
channel in the epidermis is ENaC, which is a membrane
protein heterotrimer made of three subunits, a, b, and g
(Loffing and Schild, 2005). Among the three units, the a unit
seems to be the most critical unit in response to different
stimuli (Chalfant et al., 1999; Masilamani et al., 1999). Newborn
a-ENaC knockout mice exhibit epidermal thickening, pre-
mature lipid secretion in the upper epidermis, and abnormal
keratohyalin granules, which suggests that the a unit of ENaC
is heavily involved in keratinocyte differentiation (Mauro
et al., 2002). ENaC is involved in epithelial cell migration
by regulating the sodium current in early stages of wound
repair (Chifflet et al., 2005; Del Monaco et al., 2009; Yang
et al., 2013). However, no studies have evaluated the role of
ENaC in epithelial sodium homeostasis and cellular hydration
or in regulation of inflammatory pathways associated with
scarring.
The goal of this study was to evaluate the mechanism by
which reduced hydration leads to proinflammatory cytokine
expression and increased scarring. We hypothesized that
changes in epithelial hydration and sodium homeostasis are
monitored through ENaC and that this protein regulates
downstream inflammatory pathways, leading to fibroblast
activation. Remarkably, blocking ENaC or ENaC-mediated
signal transduction with a commercially available sodium
channel blocker or cyclooxygenase 2 (COX-2) inhibitor leads
to a significant improvement in scarring and offers a promising
route for treatments for scarring. Given that compromised
barrier function with reduced hydration is a major factor in
many types of inflammatory dermatitis, these targets may be
useful for many skin diseases.
RESULTS
Reduced hydration in the skin epidermis results in higher sodium
flux
Our previous global gene expression analysis in skin wounds
showed that many inflammatory genes, including cyclooxy-
genase 2 (COX-2), were highly upregulated in reduced
hydration conditions (Gallant-Behm et al., 2011; Xu et al.,
2014). We analyzed COX-2 expression in order to evaluate
the change of hydration status in human ex vivo skin culture
(HESC), which retains important elements of in vivo skin and
recapitulates the features of human wound repair (Habibipour
et al., 2003). The HESCs from four patients were cultured in an
air/liquid interface after removing the stratum corneum, which
is the major contributor for the barrier function of skin, by
tape-stripping (Figure 1a), which is a standard method for
perturbing barrier function (Jackson et al., 1992; Wong et al.,
2004; Jacobi et al., 2005). A reduced hydration condition was
created by placing the cultured HESCs in an air-flow chamber
with reduced humidity. HESCs cultured in a closed chamber
that maintains a humid environment (usual tissue culture
conditions) served as control. mRNA expression analysis
showed that the expression of COX-2 mRNA in the epidermis
of HESC was increased by 3.3±1.7 (mean±SEM)-fold within
4 hours of reduced hydration condition compared with control
(Figure 1b). COX-2 mRNA expression was further increased to
63.1±19.3-fold in the epidermis of HESC in reduced hydra-
tion condition at 16 hours (Figure 1b). Western blot analysis
showed increased COX-2 expression by HESC in reduced
hydration condition at 16 hours (Figure 1c). These results were
further validated in stratified human keratinocyte culture
(HKC) using a human keratinocyte cell line, HaCaT. Reduced
hydration and control hydration conditions were created by
exposing the surface of stratified keratinocytes to air-flow and
by placing them in a liquid environment, respectively
(Figure 1d). In line with the HESC model results, COX-2
expression in HKCs was elevated in reduced hydration
condition compared with control (Figure 1e). We further
measured prostaglandin E2 (PGE2), a downstream product of
COX-2, in HESC and HKC models by immunostaining with an
anti-PGE2 antibody. Increased amounts of PGE2 were pro-
duced in both HESC (Figure 1f vs. g) and HKC (Figure 1i vs. j)
in reduced hydration condition compared with control.
Changes in sodium flux were evaluated using a scanning
ion-selective electrode technique (SIET). HESCs placed in air-
flow chambers demonstrated increased sodium flux compared
with control HESCs (Figure 2a). Similarly, the sodium flux of
stratified HKCs showed a significant increase in reduced
hydration condition (40.02pmol cm 2  s 1) (Supplementary
Figure S1a online).We hypothesized that reduced hydration
condition raises extracellular sodium concentrations, which
results in increased sodium flux. Reduced hydration condition
was modeled by increasing the concentration of sodium in the
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culture medium and validated the results above. We increased
sodium concentration in the culture medium, which contains
150mM sodium, by 10% (15mM), to 165mM sodium, which is
a physiological condition (a water-deprived thirsty animal
showed 10% increased sodium concentration in the extra-
cellular fluid (Wakerley et al., 1978; Weisinger et al., 1979;
Nose et al., 1992). High sodium condition in the culture
medium enhanced the sodium flux in HESC and HKC by 5-
and 2fold, respectively, compared with control condition
(Supplementary Figure S1b online and Figure 2b). Increased
expression of PGE2 was found in HESC (Figure 1h) and HKC
(Figure 1k) models cultured in increased sodium concentration
compared with control. To evaluate the flux and possible
contribution of other ions, we also evaluated chloride and
calcium; however, no detectable fluxes of Ca2þ and Cl
were found in the stratified HKCs by reduced hydration
condition (Supplementary Figure S1c and d online). These
results suggest that either decreased hydration or increased
extracellular sodium concentration enhances sodium influx in
skin epithelial cells (Supplementary Figure S1e online).
Increased sodium flux is mediated through ENaC and enhances
expression of COX-2 and PGE2 in keratinocyte through the PI3k/
Akt pathway
We investigated whether ENaC mediates the changes in
sodium flux caused by reduced hydration or high sodium.
This was accomplished by evaluating changes in sodium flux
after pharmacological blockade and gene knockdown of
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Figure 1. Expression of cyclooxygenase 2 (COX-2) was increased in the reduced hydration status. (a) Establishment of human ex vivo skin culture (HESC). (b)
COX-2 mRNA expressions in HESCs (n¼4). (c) Western blot (WB) analysis for expression of COX-2 in HESC. (d) Schematic drawing of stratified HKCs. (e) WB
analysis for HKCs. The stratified HKCs (i, ii, iii, and iv) were treated with different humidity conditions for 16 hours. (c, d) WB was analyzed with the NIH ImageJ
program (n¼ 4). **Po0.01; Student’s t-test. (f–k) Immunofluorescent staining. Expressions of PGE2 were measured in the HESC (f–h) and HKCs (i–k) that were
treated with control, RHC, or HSC for 16 hours. CHS, control hydration status; HKC, human keratinocyte culture; HSC, high sodium concentration (165mM);
PGE2, prostaglandin E2; RHS, reduced hydration status.
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ENaC. Treatment of HKCs with amiloride (10mM) completely
abolished the enhanced sodium flux due to reduced hydra-
tion condition (Figure 2b vs. c). In addition, we performed
a loss of function study of a-ENaC, by knockdown with
lentivirus-mediated RNA interference. Stratified HKCs
with ENaC-a knockdown did not increase sodium flux with
either conditions of reduced hydration or high sodium
(Figure 2d).
Changes of sodium flux in a single HKC were further
measured by whole-cell patch clamp. HKCs with control
sodium condition treatment did not show detectable sodium
current (Figure 2e and f, black). However, high sodium
condition treatment led to a significant increase in influx
sodium current in HKCs (Figure 2e and f, red). This current
was blocked by 100nM amiloride treatment (Figure 2e and f,
blue) or ENaC-a subunit knockdown (Figure 2e and f, grey).
In contrast to mucosal wounds, which heal in a liquid
environment, cutaneous wounds have reduced hydration
status, because of disruption of the stratum corneum, and
upregulation of inflammatory genes (Gallant-Behm et al.,
2011; Xu et al., 2014). We found that reduced hydration
upregulated the expression COX-2 and PEG2 (Figure 1).
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Next, we investigated the relation of hydration status, ENaC,
and inflammatory genes. We found that increased sodium
concentration, which results from reduced hydration, as
well as reduced hydration upregulated COX-2 mRNA
expression in keratinocyte culture, HaCaT (Figure 3a).
ELISA was performed to quantify the amount of PGE2 secreted
by cells into the culture medium (Figure 3b). In wild-type
HaCaT cells, the amount of PGE2 released into the culture
medium under normal culture conditions was 97.9±
25.3pgml1. By increasing sodium concentration in the
media by 10%, the release of PGE2 was increased to
211.0±10.6pgml 1. Next, we investigated whether activa-
tion of the COX-2 inflammatory pathway was regulated via
ENaC. The increase in COX-2 expression in response to
reduced hydration or increased sodium concentration in
culture was markedly diminished by knockdown of ENaC in
HaCaT (Figure 3a). In ENaC-a knockdown HaCaT, high
sodium concentration did not significantly increase produc-
tion of PGE2 (100.9±4.3pgml
1 control vs. 144.3±
3.1pgml1 high sodium concentration, Figure 3b).
We tested whether phosphorylation of acutely transforming
retrovirus AKT8 in rodent T cell lymphoma (Akt) mediates the
upregulation of COX-2 expression and activity caused by
increased sodium flux. Phosphorylated Akt was rapidly
increased at 10 minutes with increased sodium concentration
in culture, and the increase lasted until 240 minutes post
treatment (Figure 3c and d). However, the upregulation of Akt
phosphorylation was significantly reduced in the ENaC-knock-
down HaCaT cells (Figure 3c and d), which suggests that Akt
is a downstream cascade of ENaC. It is known that phospha-
tidylinositol 3-kinase (PI3K) activation enhances phosphoryla-
tion of Akt. We addressed whether PI3K/Akt signaling is
involved in activation of the COX-2 pathway caused by
increases in sodium flux. Treatment of a PI3K inhibitor,
LY294002, reduced the basal level COX-2 mRNA expression
in HKCs and PGE2 protein in culture medium (Figure 3e and
f). Interestingly, robust induction in COX-2 in response to
reduced hydration condition was drastically reduced by
blockage of the PI3K/Akt signaling pathway with LY294002
(Figure 3e). PGE2 release in the culture medium of HKCs by
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high sodium concentration was also reduced in the treatment
of PI3K/Akt inhibitor (Figure 3f).
ENaC responds to sodium concentration change in epidermal
keratinocytes and regulates gene expression in dermal fibroblasts
We previously demonstrated that signals from keratino-
cytes can regulate gene expression in dermal fibroblasts (i.e.,
collagen synthesis) through soluble mediators (Gallant-Behm
et al., 2011; Xu et al., 2014). We investigated whether
ENaC is involved in this epidermal–dermal cross talk. Human
dermal fibroblasts (HDFs) were cocultured with stratified
HKCs on six-well plates as described in the Materials
and Methods. Reduced hydration condition was generated
by placing stratified HKCs air/liquid interface in a dry air-flow
chamber. In controls, both HDF and stratified HKCs were
submerged in culture medium (Supplementary Figure S2a
online). Expression of a-SMA and pro-Col I in dermal
fibroblast was significantly increased by reduced hydration
condition when compared with controls (Figure 4a–d vs. e–h).
Quantification with the NIH ImageJ program showed
that expression of a-SMA and pro-Col was increased by
49±4 and 65±5%, respectively, by reduced hydration con-
dition (Figure 4q and r). Under control conditions, ENaC-a
knockdown did not alter the expression of a-SMA and pro-Col
when compared with wild-type HKCs (Figure 4q and r).
However, enhanced expression of a-SMA and pro-Col in
fibroblast was not detected in reduced hydration condition
when ENaC-a was knockdown (Figure 4i–r). These
results suggest that ENaC is a critical upstream protein for
keratinocyte–fibroblast signaling via regulation of soluble
mediator production in response to sodium concentration
changes.
To evaluate whether COX-2 is a critical downstream
mediator of ENaC in epidermal keratinocytes–dermal fibro-
blasts signaling, we knocked down COX-2 in HKCs. Activa-
tion of HDF was abolished when cocultured with COX-2
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knockout HKC in reduced hydration condition (Supplemen-
tary Figure S2 online).
As the PGE2 is a downstream product of COX-2 and found
to be involved in regulation of fibroblast cytoskeletal dynamics
during airway epithelium injury (Sandulache et al., 2009), we
hypothesized that PGE2 signaling is critical for keratinocyte–
fibroblast signaling. After secretion from keratinocytes, PGE2
can be released to dermal matrix and activate target cells via
PGE2 receptors (EP2 and EP4), which makes PGE2 suitable
for cellular interactions. Compared with the wild-type
HKC condition medium, the ENaC-a knockdown HKC culture
medium failed to activate the HDF (Supplementary Figure
S3a–h, m, n online). Addition of 10mM PGE2 into the ENaC-a
knockdown HKC conditioned medium successfully rescued
the activation of HDFs (Supplementary Figure S3i–l, m, n
online). Next, we applied PGE2 receptor, EP2 and EP4,
antagonists to block the effects of keratinocytes cultured under
reduced hydration condition. Blockade of PGE2 receptors with
AH6809 (EP2 receptor antagonist) and CAY10580 (EP4 recep-
tor antagonist) in condition medium collected from the HKCs
with reduced hydration condition reduced activation of
fibroblasts to control levels (Supplementary Figure S4 online).
Combination of AH6809 and CAY10580 further reduced
activation of fibroblasts.
Pharmacological blockage of ENaC or COX-2 reduces cutaneous
hypertrophic scar formation in animals
Sustained activation of HDFs with accumulation of collagen is
the main cause of hypertrophic scars (Wang et al., 2008,
2011). Our in vitro data demonstrated that the ENaC-COX2
pathway is critical for the regulation of dermal fibroblast
activation by epidermal keratinocytes. We investigated the
role of the ENaC-COX2 pathway in vivo utilizing our well
validated hypertrophic scar model in the rabbit ear (Sisco
et al., 2008; O’Shaughnessy et al., 2009; Gallant-Behm and
Mustoe, 2010; Gallant-Behm et al., 2011; Ko et al., 2012).
Amiloride was topically applied to the rabbit ear wounds after
re-epithelialization was complete. Control scars, located on
the contralateral ear, were treated with vehicle alone. In this
model, the absence of scar elevation gives a scar elevation
index of 1.0, and wounds healed with an elevated scar show
scar elevation index41. Remarkably, rabbit ear wounds
treated with 500mg per wound of amiloride markedly
decreased the scar elevation index from 1.42±0.08 to
1.06±0.05 (Figure 5a, b, and f). This reduction in scarring
exceeds other therapies in our validated model of hyper-
trophic scarring (Mustoe et al., 1987; Morris et al., 1997;
Saulis et al., 2002). In an identically designed experiment,
Celecoxib, a COX-2 inhibitor, was applied on rabbit ear
wounds to evaluate its effect on formation of hypertrophic
scars. Similarly, treatment of 2mg per wound of Celecoxib on
rabbit ear wounds reduced the hypertrophy of the scarrom
1.53±0.10 to 1.23±0.07 (Figure 5c, d, and g). However,
lower concentrations of Amiloride or Celecoxib did not show
significant reduction in scar formation compared with control
wound healing groups (Figure 5f and g). In order to show
the inhibition of COX-2 production with the amiloride treat-
ment in vivo, we used the rabbit ear incisional grid model
(Gallant-Behm et al., 2011; Xu et al., 2014). With the topical
application of 1% amiloride on the surface of incisional grids
on rabbit ears, the expression level of COX-2 was significantly
decreased to 39.9±12.4% of the control incisions with sham
treatment (Figure 5h).
DISCUSSION
The epidermis has a critical barrier function, which maintains
the hydration level of the deeper layers of the skin. Decreased
hydration status occurs immediately upon injury to the lipid
containing stratum corneum. Reduced hydration condition on
the skin causes alteration of expression levels of many genes
involved in skin barrier lipid synthesis (Buraczewska
et al., 2009b), keratinocyte differentiation, and desquamation
(Buraczewska et al., 2009a). However, the mechanism of gene
regulation in response to reduced hydration condition remains
largely unknown because of the lack of methods to detect the
change of the microenvironment caused by reduced hydration
status in situ. We hypothesized that reduced hydration status
resulted in increased sodium flux, which we confirmed with
the use of SIET, which demonstrated a high sensitivity to
detect the ion flux under 0.01 pmol cm2 s1. Both keratino-
cytes and HESCs showed similar increased sodium fluxes in
response to reduced hydration status (exposure to air with
water evaporation) or high sodium concentration, a level
reached in the extracellular fluid in a water-deprived thirsty
animal (Wakerley et al., 1978; Weisinger et al., 1979; Nose
et al., 1992; Hiyama et al., 2002).
Developed by Shipley and Feijo´ (1999), the SIET is an
excellent tool to measure ion fluxes in vivo because the
microelectrode can be noninvasively manipulated very close
to live cells or tissues. The measurement of SIET on HESCs
and HKCs and whole-cell patch clamp on keratincoytes
reliably reflected the sodium consumption during the
reduced hydration status.
It is known that sodium flux can be mediated through the
sodium–calcium exchanger (Yang et al., 2013) and sodium–
hydrogen exchanger (NHE) (Brett et al., 2005; Zachos et al.,
2005). We used 10mM amiloride for in vitro studies based on
the literature (Ruan et al., 2012). The inhibitory concentration
50 of amiloride is reported to be 100nM in vitro. Dose
response tests showed that 100nM (or higher) amiloride
completely eliminated the upregulation of COX-2 by 10%
increased sodium (Supplementary Figure S5a online). Consis-
tent with these findings, 100nM of amiloride blocked the
sodium current, as measured by patch clamp analysis
(Figure 2e and f). Moreover, we exclude the involvement of
sodium–calcium exchanger in sodium flux because millimolar
concentrations of amiloride are required to inhibit sodium–
calcium exchanger (inhibitory concentration 50¼1.1mM)
(Rogister et al., 2001). Knockdown of NHE1, a major NHE
in the skin (Sarangarajan et al., 2001), did not affect the
upregulation of COX-2 by increased sodium concentration
(data not shown). The knockdown of NHE1 from keratino-
cytes also did not show an obvious effect on sodium
current in response to increased sodium concentration (data
not shown). Therefore, we could reliably exclude the role of
both sodium–calcium exchanger and NHE in sodium flux and
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cell signaling under reduced hydration conditions and antici-
pate that ENaC has the major role in sodium intake on skin
keratinocytes.
In our study, SIET did not detect the appearance of calcium
and chloride influx upon the reduced hydration status on
HKCs. As the most abundant ion in the epidermis, the intra-
cellular concentration of sodium in keratinocytes appeared to
be more dynamic according to the hydration status of the skin.
However, we cannot completely rule out the possibility of the
involvement of the other ions such as calcium, potassium, and
chloride. The changes of these ions have been noticed to be
involved in the maintenance of skin barrier function (Lee
et al., 1994; Mao-Qiang et al., 1997; Elias et al., 2002; Denda
et al., 2003). It is likely that change of sodium concentration
consequently caused a break of the homeostasis of all other
ions, resulting in an initiation of various pathways in cell
functions. Recently, ENaC has been demonstrated to have a
critical role in embryo implantation in the uterus through
increased COX-2 expression by endometrial epithelial cells.
In this system, calcium was found to be the secondary
messenger to initiate the phosphorylation of cAMP response
element–binding protein in response to sodium influx, which
further upregulated COX-2 expression (Ruan et al., 2012).
It is known that hyperosmotic stress induces proinflamma-
tory interleukins and heat-shock proteins in keratinocytes
(Garmyn et al., 2001; Terunuma et al., 2001). Although
10% increased extracellular sodium upregulated expression
of cytokines, such as IL-1b and IL-8, increasing osmolarity
utilizing 200mM sorbitol did not significantly upregulate their
expression. Therefore, we investigated the sodium pathway in
response to reduced hydration in this study. It is known that
the activity of ENaC is regulated by many factors, such as
hormones (Shigaev et al., 2000; Ecelbarger et al., 2001;
Gilmore et al., 2001), mechanical and cytoskeletal activities
(O’Hagan et al., 2005), and proteolytic cleavage (Vallet et al.,
1997). Thus, it is of interest to understand this mechanism by
which ENaC is activated by increased sodium concentrations,
a topic which warrants further investigation.
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Figure 5. Reduction in hypertrophic scar formation by pharmacological inhibition of epithelial sodium channels (ENaC) and cyclooxygenase 2 (COX-2) in vivo.
(a–d) Representative pictures of wound histology at POD28. Rabbit ear wounds with Amiloride treatment (b) and control (a) and with Celecoxib treatment (d) and
its control (c) are shown. (e) The scar elevation index was calculated and used to evaluate the scar formation. (f, g) SEI. Twelve wounds for each dose of treatment
and 12 controls were used for the analysis. (h) Expression of COX-2 in rabbit ear incisional grids with the topical treatment of 1% amiloride at post epithlialization
day 3. n¼5. *Po0.05. (i) A putative mechanism of activation of fibroblast through ENaC by reduced hydration. Scale bar¼ 1,000mm. **Po0.01. POD, post
operation day; SEI, scar elevation index.
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Taken that ENaC activation in keratinocytes has an impor-
tant role in the activation of dermal fibroblasts, antagonists or
blockers targeting ENaC have a great potential to reduce
scarring, and it is interesting to speculate that they could
have a role in treating other skin conditions with reduced
hydration status. The ability to treat locally would limit toxicity
concerns. The remarkable success of the blocker used in
our in vivo study, amiloride, is a commercially available
component that has been used in the treatment of hyperten-
sion (Baker et al., 2002) and congestive heart failure (Cheitlin
et al., 1991). In this case, the phenotype of the fibrosis in this
model mimics hypertrophic scarring in human skin. It is
known that ENaC in the epidermis has a critical role in
physiological processes, such as synthesis of differentiation-
specific proteins (Mauro et al., 2002) and lipid formation (Hill
et al., 2007), which are critical in the development of skin
barrier functions. In this study, we have demonstrated another
crucial role of ENaC, the regulation of sodium flux in the
epidermis.
In summary, the reduced hydration status upon disruption of
skin barrier results in a change in sodium concentration. The
intake of sodium in response to the activation of ENaC results
in the phosphorylation of Akt through PI3K, which leads to the
increase in COX-2 synthesis. The upregulation of COX-2
promotes the production and release of PGE2 to the matrix,
which markedly stimulates the dermal fibroblasts through
receptor EP2 and EP4 to contribute to the hypertrophic scar
formation (Figure 5i). This suggested that the molecules
involved in the ENaC-COX-2 pathway may be considered as
promising pharmaceutical targets against skin hypertrophic
scar. It is a unique concept in the development of anti-scarring
strategies.
MATERIALS AND METHODS
The HESC model and cell culture
The procedures for human tissues collection were approved by
Institutional Review Board, and the patients were all consented and
written consented forms were received. The HESC model was
previously published (Xu et al., 2012). Human keratinocytes and
dermal fibroblasts were isolated from infant foreskin by the
Keratinocyte Core of Northwestern University Skin Disease
Research Center. The kertinocyte–fibroblast coculture model and
the hydration status created for HESC and kertinocyte–fibroblast
coculture were all described in Supplementary Materials and
Methods online.
Ion flux measurement with SIET and whole-cell patch clamp on
HaCaT cells
Ionic fluxes for sodium and chloride ions were measured using ion-
selective electrodes containing a specific ionophore cocktail (Sigma-
Aldrich, St Louis, MO). Electrodes were constructed according to
previously described methods (Porterfield et al., 2009). The mea-
surement of ion flux on HESC and keratinocyte cultures were in the
Supplementary Materials and Methods online. The whole-cell patch
clamp was performed following the protocol published previously
(Ruan et al., 2012). The internal solution in the probe, the basal
external solution, and the external triggering were prepared as the
protocol in Supplementary Materials and Methods online.
Gene knockdown in HaCaT cells
The knockdown of target genes was performed by RNA interference
through transfection of lentivirus in HaCaT cells. The plasmid used to
carry the short hairpin RNA of COX-2 or ENaC-a was pLKO.1 puro
from Addgene (Cambridge, MA). The double-strand short hairpin
RNA sequences were synthesized by Integrated DNA Technologies
(IDTDNA, Coralville, IA) to interfere with the synthesis of ENaC or
COX-2. The short hairpin RNA sequences and more information
about gene knockdown were in the Supplementary Materials and
Methods online.
Animals and functional studies of ENaC and COX-2 in vivo
All animal investigations were performed in compliance with North-
western University’s institutional guidelines and under the National
Research Council’s criteria for humane care as outlined in the ‘‘Guide
for the Care and Use of Laboratory Animals’’. All the protocols in this
proposal were approved by the NU Institutional Animal Care and Use
Committee. The rabbit ear cutaneous hypertrophic scar model was
used for in vivo studies of ENaC and COX-2 (Kloeters et al., 2007;
Reid et al., 2007; Brown et al., 2008; Ko et al., 2012). The rabbit ear
incisional grid model was established previously in our lab (Xu et al.,
2014). Detailed steps for these two models and functional studies can
be found in Supplementary Materials and Methods online.
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